Abstract. This paper introduces a newly developing gait rehabilitation orthosis. This device is aimed at reducing the physical demands on the therapist during treadmill training. Dynamic model of the orthosis walking on the treadmill is established and analyzed. Based on developed dynamic system, Computed torque and proportion-differential feedback control algorithm is put forward to realize the trajectory tracking control for the orthosis. The effect of the proposed control method is confirmed by simulation examples. With the control method, the patient is only trained passively and can not influence the motion by himself. In order to improve the patients' voluntary locomotor capability, advanced control algorithms will be investigated in the future, which result in that the quality of the training is better.
Introduction
Body weight supported training bwst on the treadmill has been indicated to improve gait and lower-limb motor function in patients with locomotor disorders. Manually assisted treadmill training has been used for more than 10 years as a regular therapy for patients with spinal cord injury or stroke. Since the training is labor intensive, some research groups have developed robotic devices for rehabilitation of the lower limbs to replace manual assistance.
Lokomat is an actively driven exoskeletal orthosis, instrumented with bilateral hip and knee actuators. It moves the legs of a patient on a treadmill, in preprogrammed walking pattern [1] [2] . Autoambulator is another rehabilitation machine, which mechanically replicates the normal human gait [3] . Mechanized Gait Trainer uses a foot plate connected to a crank and a rocker system to actively generate the desired gait pattern [4] . While the cost of these rehabilitation robotic devices is relatively high, this makes these less accessible to many patient care facilities.
In order to make the device less labor intensive, more consistent, and more widely accessible, our research group is developing a robotic rehabilitation system, which mainly comprises a treadmill, a body-weight support system, powered gait orthosis pgo that attach to the patient's legs and a control platform. During automated training process, the patients are suspended by body-weight system over the treadmill to relieve part of their body weight and maintaining their body balance. Their leg is guided by powered gait orthosis in preprogrammed physiological gait pattern of movement.
The objective of this paper is the model and motion control of pgo. The organization of the paper is as follow: In section II, structure of pgo is described. In section III and IV, dynamic model of pgo and control strategy are introduced respectively. Simulations are carried out in section V. The conclusions are given in section VI.V
Structure of Powered Gait Orthosis
The pgo is a so-called exoskeleton assisted robot. Pgo is composed of two main parts: lower limbs skeleton, electric linear actuators. By matching the human degrees of freedom and limb lengths, the pgo position exactly follows the human leg's position. This means that the pgo must have the function of human legs, but it does not include all of the degrees of freedom dof of human legs. Each leg of pgo is modeled as having two links-thigh, shank, two joints-hip, knee and two degrees of freedom-one at hip joint and the other at knee joint. Because the only necessary ankle function is to assure enough foot clearance during swing, it is not necessary to provide an actuated robotic ankle joint in order to walk safely. Instead, this can be realized with simple means such as using elastic straps, or a passive orthosis. Furthermore to avoid the danger of human-robot intervention, joint limiters are being equipped at the hip joint and knee joint to prevent the hyperextension of them and the designed joint axes and operator's joint axes must be coaxial. Additively, the thigh links and shank links' length can adapt the patient's real measurement of thigh and lower leg. 1 shows the configuration of the pgo. The electric linear actuators used in pgo mainly comprise of ac servomotor and ball screw. While operating, the nut on the ball screw is driven via a synchronous timing belt by servomotor, which pushes the rod linear motion. This can generate the enough force to make the hip and the knee joints rotate. ac servomotor is selected by analyzing Clinical Gait Analysis data (Curtin University of Technology, Australia), which describe joint torque and angle of normal walking cycle, and body mass [5] . Aluminum alloy is used as the material for the exoskeleton frame in consideration of lightness. Considering the safety of the patients, the joint ranges of motion are restricted according to joint ranges of motion (shown in Table 1 ). In a word, the pgo joint range of motion should not go over the top of human range of motion. Finally, the pgo is fixed to treadmill by a four-bar linkage, which enables the pgo to move only in vertical direction and provide lateral plane stabilization. The four-bar linkage allows the upward and downward movements of the patient's body when the patient walks on the treadmill. There are three cuffs on each single-leg orthosis, which attach the patient's legs to the pgo during treadmill training.
Dynamic Model
In order to control the pgo conveniently and efficiently, the analyses on dynamic properties of pgo walking on the treadmill is needed. Fig.2 shows the dynamic model of pgo. To simply the model, some assumptions are made:  The foot is regarded as a mass point at the end of leg;  Hip only has vertical motion, i.e., it is assumed to be inertially fixed in the horizontal direction.  The bottom of stance leg is in continuous contact with a treadmill and slides along with the treadmill until the swing leg makes contact again. In the model, the physical parameters used in Fig.2 are described in Table 2 . The walk motion of pgo on the treadmill is similar with normal walking on the level ground. A complete walking cycle is composed of two phases: a double-support phase dsp and a single-support phase ssp. In this case, assuming that the double-support phase is instantaneous, therefore dsp is neglected [6] . So, the dynamic equation in ssp is discussed.
The standard Lagrange function L is defined as in Eq. (1). 
where i τ is generalized moment. The dynamic equations of motion of pgo with lower limb can be expressed as in Eq. (3). 
Where the element of ij A and i D can be obtained as follows.
.
Computed-Torque and pd Control
In current research, the pgo is mainly controlled to move a passive patient in gait-like motion. With the control mode, torque and speed limitations of the actuation at the actuated joints are focused. The mode is a position control mode, assuring that the pgo can provide assistance to keep an inactive patient walking. Thus, computed-torque and pd control algorithm is applied to the pgo in this paper. Next, in order to insure that the patient is actively walking, and not only that the patient's legs are passively moved by the pgo, advanced adaptation algorithms will be developed in coming work. These algorithms can make patients that have some degree of voluntary locomotor capability to walk in the pgo actively with a variable gait trajectory.
The idea of computed-torque is to algebraically transform a system of equations describing nonlinear robot dynamics into a linear system by compensating all the coupling nonlinearities. Feedback correction terms are applied to linear decoupled dynamics, which represent the plant to be controlled [7] [8] [9] [10] . Thus, based on dynamics described in Equation, the computed-torque can eliminating the nonlinearity. But in order to improve tracking task in liberalized system, pd control is introduced. A typical computed-torque with pd control law is as in Eq. (20).
Where
are once again matrices of positive proportional and derivative gains, respectively.
stand for the angular and velocity error between the actual and the reference joint motions. Fig.3 shows the control law. 
Simulation
In order to verify the feasibility of the computed-torque and pd control approach prior to applying it practically, the control effect in collaborative simulation platform integrating adams and matlab is simulated. Walking datum on the treadmill collected by motion capture system (Motion Analysis Corporation, USA) is used as reference joint trajectories. Fig.4, Fig.5 and Fig.6 show the comparison results between input and output in collaborative simulation platform. These results indicate that the control performance based on computed-torque and pd control is satisfactory. 
Conclusion and Future Work
In this paper, dynamic model of the (pgo) walking on the treadmill is built by Lagrange function. Based on developed dynamic equation, computed-torque and pd feedback control method is presented. By simulation, the results show the control approach is effective.
Prototype experimental exoskeleton is being constructed and further experiments will be performed. Future work will be mainly focused on building a more lightweight, compact, comfortable and flexible exoskeleton, and improving the control algorithm to be more robust and adaptable to training with various gait pattern.
